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Abstract 
A high leve l  v i e w  o f  the uncer ta in ty  i n  spec i f i -  
cat ion i s  presented t o  explain the problems inherent  
in s o f t w a r e  development and maintenance. The 
v i e w  suppor ts  the need f o r  p ro to typ ing  throughout 
s o f t w a r e  develoDment and mainte nance. 
1 .  I n t r o d U  
S o f t w a r e  maintenance accounts f o r  more  than 
h a l f  o f  the to ta l  s o f t w a r e  cos t .  Each t ime a new 
s o f t w a r e  s y s t e m  i s  pu t  in to  use, some f rac t ion  o f  
the w o r k  f o r c e  m u s t  be devoted to  i t s  maintenance. 
If it i s  assumed t h a t  a l l  sys tems requ i re  some 
maintenance e f f o r t  and a constant  w o r k  fo rce  en- 
gages in s o f t w a r e  development f o r  a long t ime,  the 
f r a c t i o n  o f  e f f o r t  avai lable f o r  developing new s y s -  
tems w i l l  get  smal l ,  and can be kept  f r o m  vanishing 
on ly  b y  r e t i r i n g  o r  rep lac ing some old sys tems 
[Mi l l s ] .  There has been a g r e a t  deal o f  in te res t  in  
reducing maintenance cos ts .  Pro to typ ing  i s  one 
promis ing  approach t o  th is  goal [Boehml.  
The pro to typ ing  o f  a s y s t e m  t o  be bu i l t  i s  mot i -  
vated b y  a des i re  t o  manage the uncer ta in ty  in  de- 
veloping the s y s t e m .  Management o f  uncer ta in ty  i s  
an i m p o r t a n t  issue in both s o f t w a r e  development and 
maintenance. There a r e  a t  leas t  t w o  d i f fe ren t  kinds 
o f  u n c e r t a i n t y  i n  s o f t w a r e  development. Both are  
centered around s o f t w a r e  speci f ica t ion .  
The f i r s t  t y p e  has t o  do w i t h  the uncer ta in ty  as 
t o  whether  o r  no t  a given descr ip t ion i s  t r u l y  a 
spec i f i ca t ion  o f  the s o f t w a r e  to  be developed. In 
many pas t  s o f t w a r e  development e f f o r t s ,  l i t t l e  has 
been done t o  f o r m a l l y  make th is  decision which l ies  
a t  the h e a r t  o f  requ i rement  va l idat ion.  The fa i lu re  
t o  make t h i s  de terminat ion  m a y  r e s u l t  in  a g rea t  
deal o f  was ted  e f f o r t  and money.  I t  has been ob- 
served in many s o f t w a r e  p r o j e c t s  tha t  the val ida- 
t ion  o f  s o f t w a r e  speci f icat ions i s  typ ica l l y  com- 
p le ted dur ing maintenance. 
Large amounts o f  money a r e  spent each year  
designing, coding, and test ing s o f t  w a r e  products  ac- 
cord ing t o  i n c o r r e c t  spec i f icat ions.  It i s  w e l l  known 
tha t  the ear l ie r  cor rec t ions  a r e  made t o  speci f ica-  
t ions, the less the cor rec t ions  cos t .  Rapid 
p r o t o t y p  ing o f f e r s  a f r a m e w o r k  w i t h i n  wh ich  so f t -  
w a r e  va l idat ion can be accomplished be fore  these 
costs  a r e  incur red .  
The second t y p e  o f  uncer ta in ty  has t o  do w i t h  
the l i fe t ime o f  a va l id  speci f icat ion.  Accord ing t o  
Lehman [Leh l  there  a r e  t w o  types  o f  p rograms:  
those based upon speci f icat ions wh ich  a r e  va l id  f o r -  
ever and ones which a r e  based upon speci f icat ions 
which m a y  change over  t i m e .  Most  p r o g r a m s  have 
p a r t s  t h a t  a r e  a m i x t u r e  o f  the t w o  types .  Lehman's 
w o r k  suggests tha t  a va l idated speci f icat ion (i.e., a 
speci f icat ion which w e  a r e  c e r t a i n  i s  a specif ica- 
t ion) m a y  be ax iomat ic  ( i .e . ,  f ixed)  o r  nonaxiomatic 
( i .e.,  l i ke ly  to  change eventual ly ) .  F r o m  a m o r e  
general po int  o f  v iew,  there  i s  a need f o r  a per iod ic  
assessment o f  the va l id i ty  o f  nonaxiomatic speci f i -  
cat ions over  the l i f e  o f  a s o f t w a r e  produc t .  
In th is  paper a sect ion i s  devoted t o  each t y p e  o f  
uncer ta in ty  in  s o f t w a r e  speci f icat ion.  Then the 
reader  i s  introduced to  the pro to typ ing  f r a m e w o r k  
o f  CAPS so tha t  he/she can observe how p r o t o t y p -  
ing can help the designer manage uncer ta in ty .  
. .  7.  The Uncer ta in ty  i n  S o f t w a r e  Va l ida t ion  
In the c u r r e n t  s o f t w a r e  development env i ron-  
ment, a f t e r  completing requ i rements  analys is ,  the 
user  "signs-off ' '  on the resu l t ing  speci f icat ion.  The 
signing-off o f  the user  impl ies t h a t  the r e q u i r e m e n t s  
have been va l idated.  Thus, there  i s  no problem o f  
conscience in  hiding the s o f t w a r e  engineers f r o m  the 
user  whi le  the product  i s  b u i l t .  The on ly  responsi -  
b i l i t y  o f  the s o f t w a r e  engineer i s  to  show t h a t  the 
product  i s  c o r r e c t  w i t h  respec t  t o  the "val idated" 
requ i rements .  The process o f  demonstrat ing tha t  
s o f t w a r e  i s  c o r r e c t  i s  cal led ver i f i ca t ion ,  and it i s  
typ ica l l y  accomplished b y  test ing the programs w i t h  
respect  t o  the "val idated" r e q u i r e  ments .  
In r e a l i t y ,  p rograms a r e  t y p i c a l l y  v e r i f i e d  w i t h  
respec t  to  inval id requ i rements .  This s ta tement  i s  
supported b y  maintenance curves  wh ich  depic t  the 
number o f  changes made t o  s o f t w a r e  over  t i m e .  
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Such a curve  i s  given in f igure  1 .  Notice tha t  im- 
med ia te ly  a f t e r  the ins ta l la t ion  o f  each vers ion o f  a 
sys tem,  the number o f  changes made t o  the s o f t -  
w a r e  i s  qu i te  high. There a r e  th ree  types o f  
changes made t o  the s o f t w a r e :  the cor rec t ive  
change (wh ich  i s  20% o f  the to ta l  number o f  changes 
t o  the del ivered s o f t w a r e ) ,  the adaptive change 
(25%), and per fec t i ve  changes (55%). [Dun]  
o f  :z- 1 ,Lo 
Discovered 
[Dunn 1 
S o f t w a r e  Releases 
fig 1 .  Numbe r o f  Cor rec t ions  t o  Soft w a r e  
The c o r r e c t i v e  changes a r e  due t o  logic e r r o r s  
which w e r e  missed dur ing ver i f i ca t ion .  The per fec-  
t i ve  change i s  per fo rmed t o  make the s y s t e m  con- 
f o r m  b e t t e r  t o  the user 's  requ i rements  and r e f l e c t s  
the inadequacy o f  va l idat ion.  The purpose o f  an 
adaptive change i s  t o  adapt the s y s t e m  t o  a changing 
env i ronment .  Adapt ive changes a r e  responses to  
requ i rements  changes wh ich  can be planned o r  un- 
planned. Unplanned changes a r e  the m o s t  expensive 
kinds of changes. The adaptive changes in  the 
maintenance phase correspond prec ise ly  t o  the man- 
agement o f  the nonaxiomatic specif icat ions upon 
wh ich  a s y s t e m  i s  p a r t i a l l y  based. 
The high incidence o f  per fec t i ve  changes sup- 
p o r t s  the idea t h a t  c u r r e n t l y  s o f t w a r e  engineers ac- 
tua l l y  va l idate r e  qu i rements dur ing  the e a r l y  stages 
o f  maintenance. The goal o f  val idation i s  t o  reduce 
the ambigui ty  i n  spec i f i ca t ion  and the uncer ta in ty  
t h a t  the speci f icat ion captures the users '  in tent ions.  
3. The Uncer ta in ty  i n  S o f t w a r e  Evolut ion 
A model o f  a speci f icat ion i s  a p rogram which 
sa t is f ies  the speci f icat ion.  For  a given speci f ica-  
t ion, there  m a y  e x i s t  many models. A s  a s y s t e m  
evolves, the v a l i d i t y  o f  some speci f icat ions m a y  
change. We ca l l  these speci f icat ions nonax iomat ic  
[Ram].  Nonaxiomatic speci f icat ions r e s u l t  in  
Lehman's E-Type programs. [Leh l  When the t r u t h  o f  
a speci f icat ion changes, it i s  possible tha t  the set  o f  
models f o r  the speci f icat ions m a y  change. 
Consider a speci f icat ion o f  a p rogram r e p r e -  
sented b y  a specif ied re la t ion  R I ,  and a computer  
p r o g r a m  represented  b y  a computed re la t ion  R, 
w h e r e  p a r t i a l  cor rec tness  o f  the computer  p r o g r a m  
requ i res  R*  t o  conta in  R.  There a r e  t w o  fundamen- 
ta l  t ypes  o f  changes: A change m a y  d e l e t e  models 
o f  a speci f icat ion ( the ex t reme case resu l t ing  in  
inconsistency); o r  a change m a y  add models o f  a 
spec i f i ca t ion  ( the ex t reme case being a tauto logy) .  
Examples of each case f o l l o w .  Suppose a F i r s t  
Order  Logic speci f icat ion i s :  ( A l l  x Ex is ts  y)  (nat(x) 
& y = f(x)).  Here na t  i s  a re la t ion  wh ich  i s  t r u e  
when x i s  instant ia ted w i t h  a natura l  number .  In 
th is  case the speci f ied re la t ion  R*  conta ins the tu- 
ples < 1 ,f( 1 )>, <2,f(2)>, , . .  
One model o f  th is  speci f icat ion i s :  p r o g r a m  
P(x,y); i f  x i s  natura l  then y := f(x); because the 
computed re la t ion  R of th is  p r o g r a m  i s  contained i n  
the specified re la t ion  R * .  Suppose the speci f icat ion 
i s  a l te red  to :  ( A l l  x Ex is ts  y)  ((nat(x) & y = f(x)) 
AND (-nat(x) OR -(y=f(x)))). Such a change r e s u l t s  
in  an empty  specif ied r e l a t i o n .  In t h i s  case, the 
speci f icat ion has been made inconsis t e n t  and there  i s  
no program tha t  sa t is f ies  the speci f icat ion.  
Suppose the speci f icat ion i s  a l te red  t o  become 
( A l l  x Ex is ts  y)  (nat(x) & (y = f (x )  OR y=g(x))) 
where  f and g a r e  no t  the same funct ion.  In th is  
case, R* has t w o  subrelat ions, R*  = R 1 *  U R2* 
Ef fect ive ly  a new model has been added t o  the or ig i -  
nal R I ,  and there ex is t  a t  leas t  t w o  nonequivalent 
p rograms tha t  s a t i s f y  the speci f icat ion.  The f i r s t  
p rogram computes the re la t ion  o f  the or ig ina l  R* 
(now cal led R 1 * ) :  p r o g r a m  P(x,y); if x i s  na tura l  
then y := f(x) ; and the second p r o g r a m :  p r o g r a m  
P(x,y); i f  x i s  na tura l  then y := g(x). 
There a r e  also many m o r e  functions t h a t  s a t i s f y  
the speci f icat ion:  any p r o g r a m  t h a t  agrees with f on 
some inputs and agrees w i t h  g on the remain ing  in- 
puts  w i l l  do. Clear ly ,  it i s  possible t o  delete models 
w i thout  render ing the speci f icat ion inconsis ten t .  
However ,  addi t ion  o r  delet ion o f  a subre la t ion  does 
not  preserve the meaning o f  the or ig ina l  specif ica- 
tion, and delet ing models can inval idate an ex is t ing  
implementat ion.  
F ina l ly  consider the fo l low ing  a l te ra t ion :  ( A l l  x 
Exists y )  ((nat(x) & y = f (x) )  OR ("nat(x1 OR 
-(y=f(x)))).  This i l l u s t r a t e s  the o ther  e x t r e m e .  
Such an a l te ra t ion  i s  anomalous because a l l  p r o -  
grams sa t is fy  the speci f icat ion.  A n  understanding 
o f  changing speci f icat ions requ i res  a rea l i za t ion  tha t  
there ex is t  nonaxiomatic speci f icat ions in m o s t  
systems,  because the va l id i ty  o f  an ax iomat ic  
speci f icat ion cannot change. The question o f  s y s t e m  
maintenance becomes, how i s  the s y s t e m  t o  be al- 
tered t o  conform t o  the changing speci f icat ions? 
Typ ica l l y  changes a r e  made i n  a reac t ive  f o r m  o f  
s o f t w a r e  maintenance.  A s  the v a l i d i t y  o f  spec i f ica-  
t ions change, the models change in one o f  the th ree  
fundamental w a y s  j u s t  described. When the models 
change, the implemented programs m a y  no longer be 
c o r r e c t .  Thus, s y s t e m s  m u s t  be adapted t o  s a t i s f y  
the new speci f icat ions.  The changing v a l i d i t y  o f  the 
nonaxiomatic speci f icat ions i s  the d r i v e r  o f  the 
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adaptive main te  nance a c t i v i t y .  
In prac t ice ,  as the va l id i ty  o f  nonaxiomatic 
speci f icat ions change, e r r o r s  i n  processing a r e  no- 
t iced and the u s e r s  u rge  the so f tware  mainta iner5 to  
r e a c t  t o  the e r r o r .  We bel ieve tha t  if the s o f t w a r e  
developer can i d e n t i f y  the val id, bu t  non axiomatic 
speci f icat ions,  it wi l l  be possible t o  per iod ica l ly  
reval idate a s y s t e m  t o  see if the nonaxiomat ic  
speci f icat ions r e m a i n  va l id .  I f  not, candidate r e -  
placement speci f icat ions can be developed and va l i  - 
dated with r e s p e c t  t o  the en t i re  s y s t e m  through 
rap id  p r o t o t y p i n g  p r i o r  t o  an a l te ra t ion  to  the pro-  
duc t ion  s y s t e m .  
The need f o r  p ro to typ ing  throughout  the mainte-  
nance o f  a product ion s y s t e m  i s  supported b y  the 
curve  i n  f i g u r e  1 .  Here i t  can be seen tha t  evolut ion 
r e s u l t s  in changing speci f icat ions,  r e s u l t i n g  in new 
vers ions o f  the s y s t e m .  A f t e r  the d e l i v e r y  o f  each 
vers ion,  the curve  ind icates the continuing problem 
o f  va l idat ion.  It i s  c lear  t h a t  m o s t  sys tems are  
based on nonaxiomatic speci f i  cat ions resu l t ing  i n  the 
need f o r  adaDtive maintenance. 
4.  The Role o f P r o t o t  rains 
Cer ta in ly  one o f  the grea tes t  d i f f i cu l t ies  in de- 
ve lop ing s o f t w a r e  i s  the uncer ta in ty  involved in the 
communicat ion w i t h  the potent ia l  u s e r .  Pro to typ ing  
i s  known t o  be a w a y  t o  overcome th is  d i f f i c u l t y .  
The CAPS s y s t e m  prov ides computer  aid t o  address 
bo th  f o r m s  o f  uncer ta in ty  i n  the domain o f  hard 
rea l - t ime s y s t e m  design. CAPS i s  targeted t o  as- 
s i s t  the a n a l y s t  i n  e l i c i t ing  the requi rements f r o m  
the user  and t o  va l idate proposed specif icat ions. 
The requ i rements  f o r  a s o f t w a r e  s y s t e m  are  ex- 
pressed a t  d i f f e r e n t  levels o f  abst ract ion and w i t h  
d i f f e r e n t  degrees o f  f o r m a l i t y .  The highest level 
requ i rements  a r e  usual ly  in fo rmal  and imprec ise ,  
b u t  they  a r e  understood bes t  b y  the cus tomers .  The 
l o w e r  leve ls  a r e  m o r e  prec ise,  and a r e  be t te r  suited 
f o r  the needs o f  the s o f t w a r e  engineer. However ,  
the l o w e r  levels a r e  d i f f i c u l t  f o r  the customers to  
understand.  Because o f  the d i f fe rences  i n  the kinds 
o f  descr ip t ions needed b y  customers and develop- 
e rs ,  i t  i s  n o t  l i k e l y  t h a t  any single representat ion 
f o r  requ i rements  can be the "best" one f o r  suppor t -  
ing the e n t i r e  p ro to typ ing  process.  The uncer ta in ty  
in spec i f i ca t ion  va l ida t ion  man i fes ts  i t s e l f  in  the gap 
between the user-or iented speci f icat ion and the de- 
s igner-or iented speci f i ca  t ion .  
Dur ing the process o f  s tab i l iz ing the r e q u i r e -  
ments  v ia  p ro to typ ing ,  it i s  necessary t o  repeatedly  
move f r o m  high-level requ i rements  to  detai ls o f  
s y s t e m  behavior, and f r o m  s y s t e m  behavior back t o  
high-level requ i rements .  The p r o  to type designers 
m u s t  guess the in tent ions of the c l ien ts  based on 
the i r  in fo rmal  s ta tements,  and embody the c l ien t  
v is ion in a demonstrable p r o t o t y p e .  This  process i s  
imper fec t ,  bu t  the demonstrated behavior o f  the 
pro to type will help the cus tomers  i d e n t i f y  d i f f e r -  
ences between w h a t  they  need and how the ana lys ts  
in te rpre ted  the i r  reques ts  ( i .e.,  e r r o r s  o r  bugs in 
the analyst 's  in te rpre ta t ion  wi l l  p resent  themselves 
t o  the c l ients) .  When a bug in the s y s t e m  behavior 
i s  discovered, i t  m u s t  be t raced back t o  the requ i re -  
ments to  ident i f y  the specif ic assumpt ions o r  deci- 
sions in  the requ i rements  model t h a t  a r e  no longer 
va l id .  A f t e r  the inva l id  decisions have been identi- 
f ied and new vers ions have been proposed, it i s  nec- 
essary  to  t race  the e f f e c t s  of the change back down 
the re f inement  s t r u c t u r e  t o  f ind  the p a r t s  o f  the 
pro to type design t h a t  a r e  af fected,  so t h a t  they  can 
be adjusted and the nex t  approx imat ion t o  the r e -  
qu i rements can be demonstrated.  
In the context  o f  p ro to typ ing ,  the r e q u i r e m e n t s  
a re  used as a means f o r  br idg ing between the in fo r -  
mal  t e r m s  i n  which users  and cus tomers  communi-  
cate and the fo rmal  s t r u c t u r e s  compr is ing  a p ro to -  
type .  We believe t h a t  a usefu l  representa t ion  f o r  
th is  in fo rmat ion  i s  a h ie rarch ica l  goal s t r u c t u r e ,  
where  in fo rmal  customer goals a r e  re f ined and de- 
f ined b y  several levels of inc reas ing ly  f o r m a l  and 
prec ise subgoals. w i t h  d i f ferent  notat ions used a t  
d i f fe ren t  leve ls .  We expect na tura l  language t o  be 
used a t  the highest levels, and the pro to typ ing  lan- 
guage to  be used a t  the m o s t  detai led levels, w i t h  
mix tu res  and poss ib ly  severa l  addit ional notat ions 
appearing i n  the in termediate leve ls .  
The subgoals o f  a goal in  the h i e r a r c h y  a r e  pro-  
posed in te rpre ta t ions  f o r  the i n f o r m a l  paren t  goals. 
We adopt the convention t h a t  a parent  goal i s  m e t  
whenever a l l  o f  i t s  subgoals a r e  m e t .  The l a y e r s  o f  
the subgoal s t r u c  t u r e  correspond t o  decisions about 
proposed s y s t e m  behavior and how it can be pack- 
aged and presented t o  users .  The m o s t  speci f ic  sub- 
goals a t  the lea f  nodes o f  the h i e r a r c h y  a r e  t ied  di- 
r e c t l y  t o  elements o f  the p r o t o t y p e  design. 
Once the f inal requ i rement  ad jus tments  have 
been made (i.e., the requ i rements  a r e  val idated), an 
e f f o r t  t o  ident i f y  the ax iomat ic  and nonaxiomatic 
specif icat ions should be under taken.  In the or ig ina l  
val idation o f  the speci f icat ions,  the in ten t  i s  t o  r e -  
duce the amount o f  per fec t i ve  maintenance. In sepa- 
ra t ing  the axiomatic f r o m  the nonaxiomatic speci f i  - 
cations, w e  can focus the analys is  suppor t ing main- 
tenance on the aspects o f  the s y s t e m  t h a t  a r e  m o s t  
l i ke ly  t o  change. In  the proac t ive  adaptive mainte-  
nance, subsequent t o  imp lementa t ion ,  ver i f i ca t ion ,  
and de l i very  o f  the product ion s o f t w a r e ,  the p r o  
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cess o f  va l idat ion i s  repeated per iod ica l l y .  The non- 
ax iomat ic  speci f icat ions become the focal po int  o f  
reva l ida t ion  since it i s  the v a l i d i t y  o f  these specif i-  
cat ions wh ich  changes over  t i m e .  I f  i t  i s  discovered 
tha t  a speci f icat ion i s  no longer val id, candidate r e -  
placement speci f icat ions a r e  produced. The candi- 
dates a r e  va l idated w i t h  respec t  t o  the en t i re  s e t  o f  
s y s t e m  speci f icat ions v ia  the pro to type.  I t  i s  on ly  
a f t e r  a change i s  va l idated tha t  the production so f t -  
w a r e  i s  ac tua l l y  modi f ied.  A requi rements t rac ing  
fea ture  in the p r o t o t y p i n g  env i ronment  can be u t i -  
l ized t o  a s s i s t  the mainta iner  i n  ident i fy ing the uni ts  
o f  code t h a t  m u s t  be adapted in order  t o  render  the 
s y s t e m  c o r r e c t .  Th is  prov ides a much more  proac- 
t i v e  and in fo rmed approach t o  change cont ro l  and 
adaptive main te  nance. 
5. The ComDute r -A ided P r 0 t 0 t r ! ingSy* 
The c lass ica l  goal o f  rap id  p ro to typ ing  has been 
t o  bu i ld  a model o f  the intended s y s t e m  quick ly  to  
c u t  down on the i te ra t i ve ,  c o s t l y  nature o f  s o f t w a r e  
development. When the requi rements cannot be 
complete ly  determined o r  there  a r e  questions about 
the proposed sys tems,  p r o t o t y p i n g  a l lows a model 
t o  be cons t ruc ted  and tested i n  the e a r l y  stage o f  
the development w o r k .  A f t e r  test ing the prototype,  
modi f icat ions can be made t o  amend the original de- 
sign and a new,  improved speci f icat ion can be 
assembled f o r  use in the coding phase. In other  
words ,  tes t ing  and re f inement  o f  requi rements a r e  
done be fore  the actual  p roduc t  i s  engineered. 
In addit ion t o  the c lass ica l  goal o f  p ro to typ ing ,  
w e  pose a new goal: t o  establ ish features and meth- 
ods t o  fac i l i ta te  p roac t ive  adaptive maintenance 
through per iod ic  reval idat ion and p r o t o t y p i n g  o f  the 
speci f icat ions o f  a de l ivered s o f t w a r e  product .  
Since a s y s t e m  i s  t y p i c a l l y  compr ised o f  nonax- 
iomat ic  speci f icat ions,  there  a r e  d isc re te  in te rva ls  
o f  t i m e  when d i f f e r e n t  vers ions o f  a speci f icat ion 
a r e  va l id .  For  example, i f  the va l id i ty  o f  nonax- 
iomat ic  speci f icat ions o f  a given s y s t e m  change n 
t imes dur ing the l i f e  o f  the associated s o f t w a r e  
product ,  then there  i s  a sequence o f  specif icat ions 
wh ich  a r e  va l id  dur ing the l i f e  o f  the product :  S1, 
S2, ..., Sn. A s  the l i f e  o f  the product  proceeds f r o m  
in te rva l  S i  t o  S i + l ,  the s y s t e m  m u s t  be adapted be- 
cause it does no t  s a t i s f y  S i + l  - a t  best, it sat is f ies 
S i .  Adapt ive maintenance, therefore,  should be 
v iewed as bui lding a new s y s t e m  based upon the new 
speci f icat ion.  The main  d i f ference between the 
pro to typ ing  in adaptive maintenance and the building 
o f  the or ig ina l  s y s t e m  i s  tha t  a previous vers ion 
ex is ts ,  and the p a r t s  based on the ax iomat ic  speci f i -  
cat ions can be reused.  The CAPS s y s t e m  [Luqi- 
Ketabchi-881 i s  designed and cons t ruc ted  t o  in- 
crease the degree o f  automat ion in p r o t o t y p e  devel -  
opment w i t h i n  the domain o f  h a r d  rea l - t ime s y s t e m  
development. It uses the executable P r o t o t y p e  
Sys tem Descr ip t ion Language (PSDL) [Luqi-Berzins - 
Yeh-881 and consis ts  o f  an in tegra ted  s e t  o f  s o f t -  
w a r e  tools including user  in te r face ,  syntax-d i rected 
edi tor ,  graphic ed i tor ,  execution suppor t  sys tem,  
design database, s o f t w a r e  base, and design man- 
agement s y s t e m .  
5. l .ys tem De5cr iotlonwe 
PSDL prov ides a s imple representa t ion  o f  sys- 
tem decomposit ions using data f l o w  d iagrams aug- 
mented w i t h  non-procedural con t ro l  cons t ra in ts  and 
t im ing  const ra in ts  (maximum response t imes,  
maximum execution t imes,  min imum in te r -s t imu lus  
periods, periods, and deadlines). The language 
models both periodic and data-driven tasks,  and both 
d iscrete ( t ransac t ion-oriented 1 and continuous 
(sampled) data s t reams.  The CAPS s y s t e m  prov ides 
automated tools f o r  generating s t a t i c  schedules t o  
guarantee hard  rea l - t ime cons t ra in ts  as  w e l l  as an 
execution suppor t  s y s t e m  t h a t  generates code f o r  
adapting, in terconnect ing,  and cont ro l l ing  the exe-  
cution o f  reusable s o f t w a r e  components. Through 
PSDL, the CAPS s y s t e m  prov ides the too ls  neces- 
s a r y  t o  model rea l - t ime s y s t e m s  f o r  the purpose o f  
requi rements va l idat ion.  CAPS i s  based upon PSDL 
and prov ides an env i ronment  f o r  au tomat ing  pro to-  
type const ruct ion and maintenance. 
5.7 ~ I lser  In ter face 
The graphic ed i to r ,  i n  the User  In ter face,  i s  a 
tool which p e r m i t s  the u s e r / s o f t w a r e  engineer t o  
cons t ruc t  a p ro to type f o r  the intended s y s t e m  using 
graphical ob jects  t o  represent  the s y s t e m  [Linton, 
TAEI .  These ob jec ts  include opera tors ,  inputs ,  ou t -  
puts, data f lows,  and opera tor  loops. The syn tax  
d i rected edi tor  i s  used b y  the u s e r / s o f t w a r e  engi- 
neer t o  en ter  addit ional annotations t o  the graphics.  
A b r o w s e r  a l lows the ana lys t  t o  v i e w  reusable com- 
ponents in  the s o f t w a r e  base. An exper t  s y s t e m  
provides the capabi l i ty  t o  generate English t e x t  de- 
scr ip t ions o f  PSDL speci f icat ions t o  fac i l i ta te  com- 
mon understanding o f  PSDL components b y  u s e r s  and 
s o f t w a r e  engineers al ike, thereby  reducing design 
e r r o r s  and improv ing the ab i l i t y  t o  va l idate o r  
reval idate sDecif icat ions. 
5.3. S o f t w a r e  Database S Y*
The s o f t w a r e  database s y s t e m  prov ides the de- 
signer access t o  reusable s o f t w a r e  components f o r  
rea l iz ing given functional (PSDL) speci f icat ions,  and 
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consis ts  o f  a design database, s o f t w a r e  base, and 
s o f t w a r e  design management s y s  tem.  
The design database [Bor ison,  Nestor  1 contains 
PSDL p r o t o t y p e  descr ip t ions f o r  a l l  s o f t w a r e  pro-  
j e c t s  developed using CAPS. The s o f t w a r e  base 
contains PSDL descr ip t ions  and implementations f o r  
all reusable s o f t w a r e  components developed using 
CAPS. Pro to typ ing  w i t h  the s o f t w a r e  base speeds 
up evolut ion b y  prov id  ing many d i f fe ren t  vers ions o f  
commonly used components [S te igerwa ld l ,  making it 
eas ier  t o  t ry  out  a l te rna t ive  designs. The s o f t w a r e  
design management s y s t e m  manages and r e t r i e v e s  
the vers ions,  r e f i n e m e n t s  and a l ternat ives o f  the 
p r o t o t y p e s  i n  the design database and the reusable 
components i n  the s o f t w a r e  base. 
5.4. FxecuLbn Suepor t  S y s t e m  
The execution suppor t  s y s t e m  (ESS) prov ides 
the user  w i t h  v i e w s  o f  the dynamics o f  a speci f ica-  
t ion .  W i t h  the ESS, the a n a l y s t  can demonstrate the 
p r o  to type f o r  the purpose of requi rements val ida - 
t ion .  The ESS consis ts  o f  a t rans la to r ,  a s ta t i c  
scheduler, a dynamic scheduler, and a debugger. 
The t r a n s l a t o r  generates code tha t  binds together 
the reusable components ex t rac ted  f r o m  the s o f t -  
w a r e  base. The s t a t i c  scheduler al locates t ime s lo ts  
f o r  opera tors  w i t h  r e a l  t i m e  const ra in ts  [Mok l  be- 
f o r e  execut ion begins. A s  execution proceeds, the 
dynamic scheduler  invokes opera tors  w i thout  rea l -  
t i m e  cons t ra in ts  i n  the t i m e  s lo ts  no t  used b y  opera- 
t o r s  w i t h  rea l - t ime cons t ra in ts .  The debugger a l -  
l o w s  the designer t o  i n t e r a c t  w i t h  the execution 
suppor t  s y s  t e m .  
d Doma i n  Spec i f i c i t y  and Requirement Traceab ility 
Using CAPS t o  engineer requi rements o f f e r s  
c lear  advantages over  determin ing requi rements 
manual ly .  The p r o t o  t y p e  s y s t e m  descr ip t ion lan- 
guage PSDL i s  focused on the domain o f  hard  r e a l -  
t i m e  s y s t e m s  and as such o f f e r s  a common baseline 
f r o m  wh ich  u s e r s  and s o f t w a r e  engineers describe 
r e q u i r e m e n t s .  Defining requi rements in  a domain 
spec i f i c  language i s  m o r e  e f f i c ien t  and and resu l ts  in  
f e w e r  e r r o r s  because it const ra ins the w a y  users 
descr ibe a p a r t i c u l a r  requ i rement .  Also, the i n t e r -  
p re ta t ion  o f  requ i rements  s tated in  a language l ike 
PSDL a r e  unambiguous, whereas requ i rements  
s ta ted  in English a r e  o f ten  misunderstood. Thus, as 
ambigu i ty  i s  reduced through CAPS, the requ i re -  
ments  va l ida t ion  becomes m o r e  cer ta in .  
In m o s t  s o f t w a r e  engineering e f f o r t s  r e q u i r e -  
ments  a r e  vo lat i le ,  changing o f ten  over the course 
o f  s o f t w a r e  development and maintenance. 
Requirements t raceab i l i t y  i s  essential to  accura te ly  
map changed requ i rements  in to  the p r o t o t y p e  o r  the 
implementat ion.  CAPS o f f e r s  basic requ i rements  
t raceab i l i t y  through the "by requ i rements"  s ta te -  
ments .  This method a l lows engineers using the de- 
sign database t o  read i l y  locate the por t ions  o f  code 
tha t  implement a p a r t i c u l a r  requ i rement  and make 
the appropr ia te changes. The requ i rements  t rac ing  
feature i s  an example o f  a CAPS fea ture  wh ich  w i l l  
ass is t  the so f tware  mainta iner  in t rac ing  a nonax- 
iomat ic  specif icat ion, the v a l i d i t y  o f  wh ich  has 
changed, to  i t s  associated p r o g r a m  u n i t .  
Figure 2 i l l u s t r a t e s  the pro to typ ing  process 
which can fit in to  the requi rement ,  design, imple- 
mentation, and maintenance phases o f  o ther  so f t -  
w a r e  process models. The four  m a j o r  stages in the 
CAPS process, p ro to type design, cons t ruc t ion ,  exe - 
cution, and debugging/modif icat ion, suppor t  an it- 
erat ive pro to typ ing  l i f e  c y c l e  [Luqi-Ketabchi-881. 
The in i t ia l  p ro to type design s t a r t s  w i t h  an analys is  
o f  the problem and a decision as t o  wh ich  p a r t s  o f  
the proposed s y s t e m  a r e  t o  be pro to typed.  
Requirements a r e  then generated, e i ther  i n  English 
o r  some fo rmal  notat ion.  These requ i rements  m a y  
be re f ined b y  asking the user  t o  v e r i f y  the i r  com- 
pleteness and cor rec tness .  A f t e r  the p r e l i m i n a r y  
design i s  completed, cons t ruc t ion  o f  the pro to type 
m a y  begin. When supplied w i t h  the design, CAPS 
w i l l  guide the user  t o  produce a PSDL pro to type r e p -  
resent ing the speci f icat ion and the design o f  the in- 
tended s y s t e m .  This p r o t o t y p e  i s  then fed t o  the 
execut ion suppor t  s y s t e m  wh ich  t rans la tes  the PSDL 
specif icat ion in to  Ada code and evaluates i t s  behav- 
i o r .  Las t ly ,  debugging and mod i f i ca t ion  a r e  done 
over  the en t i re  CAPS u t i l i z ing  a l l  the too ls .  The 
purpose o f  CAPS i s  no t  t o  design a s y s t e m ,  but  
r a t h e r  to  t e s t  and va l idate the speci f icat ion.  
Construct /Modi fy  
Pro to type 




- Fig. 7 RaRid P r o t o t y m g  P r o c e E  
The user  in te r face  o f  CAPS I S  responsible f o r  
the sequence cont ro l  throughout p r o t o t y p e  develop- 
ment  and f o r  the assurance o f  con t inu i ty  o f  the 
var ious levels o f  re f inement  d u r i n g  p r o t o t y p e  con- 
s t ruc t ion .  This in te r face  possesses the knowledge 
o f  the funct ions o f  a l l  the components w i t h i n  CAPS 
and i s  able to  i n t e r p r e t  w h a t  the user  i s  doing a t  any 
t ime and to  generate queries to  f lnd ou t  w h a t  the 
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user  w a n t s  whenever  the s y s t e m  i s  no t  sure  o f  the 
user 's  in ten t ion  [Raum-88 I ,  
The code generat ion stage focuses on t rans-  
f o r m i n g  and augmenting the pro to type to  generate 
the product ion code. Pro to types  a r e  b u i l t  t o  gain 
i n f o r m a t i o n  t o  guide analys is  and design, and sup- 
p o r t  automat ic  generat ion o f  the product ion code. 
Once the code i s  produced, CAPS can be used to  pe- 
r i o d i c a l l y  reva l ida te  the speci f icat ion t o  fac i l i ta te  
and cont ro l  adaptive change t o  de l i vered  s o f t w a r e .  
7. Conclusions and S u m m a r y  
We fee l  t h a t  the pro to typ ing  f r a m e w o r k  f u r t h e r  
suggests the s o f t w a r e  process model which fo l lows:  
(1) .  Div ide a s y s t e m  in to  i t s  ax iomat ic  and nonax- 
iomat ic  speci f icat ions.  (2). Validate the or ig ina l  
spec i f icat ions v ia  r a p i d  p r o t o t y p  ing. This step i s  it- 
era t ive  based upon e f fec t i ve  i n t e r a c t i o n  w i t h  the 
c l ien t .  (3). Develop product ion s y s t e m  based upon 
f ina l  p r o t o t y p e .  (4). V e r i f y  production s y s t e m  
accord ing t o  p rev ious ly  val idated specif icat ions. 
(5). Maintain the s o f t w a r e  i n  a proact ive r a t h e r  
then reac t ive  manner .  
In s tep 5, w e  propose t h a t  mainta iner5 o f  a 
s o f t w a r e  s y s t e m  per iod ica l l y  r e v i e w  a l l  specif ica- 
t ions t o  determine those wh ich  a r e  axiomatic and 
those wh ich  a r e  nonaxiomatic (because o f  the pos- 
s i b i l i t y  o f  misc lass i f icat ions)  and reva l ida te  the 
nonaxiomatic speci f icat ions since these a r e  the 
speci f icat ions wh ich  m a y  become inval id over the 
l i f e  o f  the p r o j e c t .  P r i o r  to  changing the product ion 
s o f t w a r e ,  the speci f ied change i s  val idated w i t h  the 
e n t i r e  s y s t e m  of specif icat ions to  ascer ta in  side 
e f f e c t s  o f  the change. This i s  t o  be accomp'lished v ia  
the pro to type.  Thus the effect o f  change becomes 
m o r e  predic tab le and manageable. Once the change 
has been va l idated through the pro to type,  the r e -  
qu i rements t rac ing  f e a t u r e  can be used t o  ident i f y  
the p r o g r a m  uni t (s1 wh ich  need(s1 t o  be adapted. 
CAPS suggests a f o r m  of maintenance which i s  
m o r e  sc ien t i f i c ,  p roac t ive ,  and focused. Although 
CAPS i s  ta rge ted  a t  rea l - t ime sys tems,  the general 
phi losophy o f  the CAPS f r a m e w o r k  should fac i l i ta te  
the management o f  uncer ta in ty  in any env i ronment .  
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